Several different kinds of stimulus are known to cause pain if they are applied to dentine in man, but it is not known where the receptors involved are situated or how they are excited. This problem of the sensory mechanisms in dentine was the subject of part of a review by Anderson et al. (1970) .
Human dentine is sensitive to mechanical and thermal stimuli and to any procedure which tends to remove water from its surface. Its sensitivity to mechanical stimuli, such as a sharp probe, appears to be due to displacement of tubule contents rather than to distortion of the dentine matrix. Raising the pressure in a cavity to between 1,500 and 2,200 mmHg above atmospheric, or reducing it to 758 mmHg below atmospheric, may also cause pain (Brannstrom 1960a (Brannstrom , 1961 (Brannstrom , 1963 . Both hot and cold stimuli have been investigated by Hensel & Mann (1956) , who found thresholds of 45°C for hot and 27°C for cold. Drying the dentine with a jet of air or a piece of absorbent paper causes pain (Brannstrom 1960b , Brannstrom & Astrom 1964 , as also does the application of solutions with high osmotic pressures (Anderson 1963) . showed that the pain-producing properties of a wide range of solutions appeared to depend upon their osmotic effect rather than upon a more specific effect of the chemicals used.
The sensitivity of dentine to these stimuli varies a great deal. Normal healthy dentine which has been recently exposed is surprisingly insensitive and even golden syrup can be applied without causing pain in about 50 % of cases . Its sensitivity can be markedly increased, however, by placing a gutta percha filling in the cavity for a week. This increase has been shown to be confined to the treated dentine (Anderson, Matthews & Shelton 1967) and is probably associated with localized inflammation in the underlying pulp caused by leak of oral fluids around the temporary filling. Some believe that dentine is not uniformly sensitive throughout its thickness and that the amelodentinal junction, in particular, is more sensitive than slightly deeper layers. There have been no controlled experiments to investigate this possibility in man, however.
In the absence of any evidence to the contrary, it might be assumed that the stimuli which cause pain from dentine have a direct excitatory action on receptors close to the point of stimulation. Much of the evidence suggests that the situation might be rather more complex than this. Fearnhead (1957 Fearnhead ( , 1961 has shown that human dentine is innervated, but only to a limited extent. He found nerve terminals in 02-10% of tubules in the coronal dentine of fully formed teeth. The fibres were positively identified as nerves by following them from nerve bundles in the pulp for up to 0 4 mm into the dentine. There were other fibres with a similar appearance further from the pulp, but the curvature of the tubules made it impossible to show that these were in continuity with known nerve fibres. There were no similar structures in the region of the amelodentinal junction, which is certainly not insensitive to stimulation, and nerves were rarely found anywhere in the dentine of partially formed teeth, although, as far as is known, this dentine is no less sensitive than that in fully formed teeth. Other evidence which suggests that the sensitivity of dentine may not depend upon nerve endings at the site of stimulation has been obtained by Anderson et al. (1958) , and by Brannstrom (1966) , who found that topical applications of local anesthetics to dentine caused no detectable change in its sensitivity, and by Anderson & Matthews (1966) , who could find no change after treatment with protein precipitants. Also, many of the substances which cause pain when applied to nerve endings in the skin have been shown to cause no pain when applied to dentine.
The only physiological evidence that nerves in dentine are involved in pain has come from experiments on thermal stimulation. Hensel & Mann (1956) and Naylor (1963) showed that nerve impulses appear to be generated before there is a significant temperature change in the pulp. From time to time it has also been suggested that the odontoblasts function as receptors, although the evidence for this is inconclusive (Anderson et al. 1970) . Taken as a whole, the evidence indicates that the stimuli cause some change to be transmitted passively through dentine to excite receptors in the pre-dentine or in the superficial layers of the pulp, and there is evidence that displacement of tubule contents might form such a link (the hydrodynamic hypothesis; Anderson, Matthews & Gorretta 1967 , Brannstrom 1968 . In this way it is possible to account for the failure of topically applied local antsthetics and protein precipitants to abolish pain, the short latency of pain with thermal stimuli, and the lack of response produced by solutions which cause pain in skin. However, this hypothesis has yet to be proved and none of the different lines of investigation has excluded beyond all doubt the possibility that stimuli act directly on nerve endings which are present throughout the dentine. The fact that histological studies have failed to demonstrate nerves extending into the outer layers of dentine does not prove that there are no nerves there, bearing in mind the difficulties involved. Furthermore, solutions which cause pain in skin may not readily diffuse into the surface layers of the dentine in concentrations high enough to excite nerves , and it may be that the action of these substances depends upon the presence of critical concentrations of other substances normally present in extracellular fluid which are not found in dentine.
In the experiments with topically applied local anesthetics, there is no evidence that adequate concentrations were obtained in the dentine to block impulse propagation in nerves or that the effects of the anesthetics would be the same as in other tissues.
Little consideration has been given to the possibility that there may be several different mechanisms whereby stimuli evoke pain from dentine. There seems to be no reason, for example, why the mechanism which is responsible for the effects of an osmotic stimulus should be the same as that which is activated by mechanical stimulation with a probe. Those who have worked on sensory mechanisms in dentine have generally assumed that there is just one process involved, since the sensation produced is the same independent of the nature of the stimulus, and attempts have been made to find some change produced in dentine which is common to all the stimuli that cause pain. The hydrodynamic hypothesis is to some extent the result of this line of reasoning. In the same way, it is sometimes tempting to assume that the results obtained in experiments with one form of stimulus also apply to other stimuli.
Electrophysiological Experiments
Two quite different approaches have been used to record the neural activity set up when stimuli are applied to dentine in animals. Pfaffmann (1939) , and others more recently, recorded from fibres dissected from dental nerve bundles in their course between the teeth and the CNS. A less conventional technique was introduced by Scott (1966) , who found that he could record neural activity by merely placing a wire electrode in contact with the dentine surface. This observation immediately suggested that there might be something unusual about the innervation of dentine, since it is not possible to record nerve impulses in a similar manner from skin and other tissues. Whichever technique is employed, it is essential to achieve sufficient resolution to be able to follow the response of single nerve fibres. A record of the simultaneous activity in a large number of fibres may provide information about the overall timecourse of the response to a stimulus but little about the properties of individual fibres, which is what is required if we are to learn more of the receptor system associated with the dentine.
Although only a very small number of single fibre preparations of dentinal or pulpal nerves have been obtained, it appears that the receptors may not all have the same properties. Wagers & Smith (1960) found 2 fibres that responded to hot and not to cold, and one that responded to cold and not to hot. Funakoshi & Zotterman (1963) found 16 hot-sensitive fibres, which were not tested with cold, that also responded when dentine was cut with an uncooled bur. These may not be the same fibres that respond during cavity preparation when precautions are taken against overheating. One multifibre preparation was obtained which showed a response during cooling but not during heating. I have also carried out experiments on the specificity of the receptors and obtained recordings from fibres isolated from the inferior dental nerve of dogs during hot (55°C), cold (5°C) and osmotic (6 mol CaCl2/kg H20) stimulation ofexposed dentine in the lower canine.
Twenty-two of the single fibres that were isolated responded to some form of stimulus other than electrical. Of these, 17 responded to cold but not to hot and 5 responded to hot and not cold. None responded to both hot and cold and none of those tested, which included 4 of the cold-sensitive and Section ofOdontology 495
receptor system, whatever it may be, which has not been taken into account in previous attempts to explain the sensitivity of dentine. The data offer no support for the hydrodynamic hypothesis, according to which fibres that respond to cold would be expected to respond also to osmotic stimuli (Brannstrom et al. 1967 , Linden & Brannstrom 1967 .
Other experiments have shown that it is not necessary to postulate the existence of highly specialized structures at the nerve terminals in order to explain the observed specificity in the responses to hot and cold stimuli. When hot and cold stimuli were applied to a peripheral nerve trunk, in much the same way as they had been applied to dentine, fibres were found that gave similar responses and with the same specificity as the dental nerves. Thus, if there were no evidence to the contrary, the sensitivity of dentine to thermal stimuli could be accounted for simply on the basis of nerve terminals penetrating the tissue without involving receptors as such.
Scott and his colleagues (Scott & Tempel 1963 , Scott 1966 have claimed that records obtained direct from dentine show that there are receptors in at least the inner layers of that tissue. The evidence depends partly on their interpretation of the shapes of the recorded waveforms (Anderson et al. 1970) , and partly upon the fact that they were unable to record any activity until dentine was removed to within 100-200 gm of the pulp, in which region Frank (1968) has demonstrated nerves with the electron microscope. It has been shown, however, that with an electrode in this position it is possible to pick up action potentials from nerves which are confined to the pulp and which do not enter the dentine at all (Matthews 1970) , so this line of argument in favour of receptors in dentine must be considered inconclusive.
In recent experiments, Dr H Horiuchi and I have been pursuing further the technique of direct recording from dentine in the cat's canine. This method was found to be unreliable until we changed the form of the electrode. We now use a much larger area of contact and place an Ag/AgCl electrode in contact with dentine exposed at the tip of the tooth. Under these conditions, we record no spontaneous activity but obtain respdnses when 15% NaCl solution is applied to the dentine under the electrode. We have established that the impulses recorded are of neural origin by using the 'collision' technique and by simultaneously recording corresponding activity in fibres dissected from the inferior dental nerve. The technical, functional, and aesthetic demands put upon anterior filling materials are so great that it is hardly surprising that a-material of such versatility is not available. It appears unlikely that significant improvements will be made to the silicate materials to overcome their main defects of lack of strength and solubility. The acrylic resin materials once so popular are now relatively little used in the United Kingdom owing to a tendency to deteriorate at the margins, a probable product of polymerization shrinkage and thermal incompatibility with tooth structure, and also because them aterial is flexible and can be distorted away from the cavity margins. Further, colour changes
